Twin studies have estimated the relative contribution of genes and the environment to variance in exercise behavior and it is known that parental education positively affects exercise levels. This study investigates the role of parental education as a potential modifier of variance in exercise behavior from age 7 to 18 years. The study is based on large datasets from the Netherlands Twin Register (NTR: N = 24 874 twins; surveys around the ages of 7, 10, 12, 14, 16 and 18 years) and two Finnish twin cohorts (FinnTwin12: N = 4399; 12, 14 and 17 years; FinnTwin16: N = 4648; 16, 17 and 18 years). Regular participation in moderate-to-vigorous exercise activities during leisure time was assessed by survey. Parental education was dichotomized ("both parents with a low education" vs "at least one parent with a high education"). The mean in exercise behavior tended to be higher and the variance tended to be lower in children of high educated parents. Evidence for gene-by-environment interaction was weak. To develop successful interventions that specifically target children of low educated parents, the mechanisms causing the mean and variance differences between the two groups should be better understood.
A wealth of literature supports the notion that regular physical exercise conveys strong health benefits, such as a lower risk of cardiovascular disease, diabetes and cancer, and improved cardiorespiratory, musculoskeletal and neuromotor fitness (Janssen & Leblanc, 2010; Warburton et al., 2010; Garber et al., 2011) . In view of these positive effects that are welladvertised by public health organizations, it is surprising that only a modest proportion of the population engages in regular voluntary exercise. This suggests that we are currently far from understanding the determinants of this important lifestyle behavior. Twin studies can provide a valuable contribution to this understanding as they allow the disentanglement of genetic and environmental influences on behavior. Twin studies have investigated the genetic architecture of exercise behavior across the lifespan (Huppertz et al., 2012; de Geus et al., 2014) . For younger children, environmental factors shared by co-twins explain most of the variance in exercise behavior (Huppertz et al., 2012) . For adolescents, genetic factors have shown to be a major source of individual differences with heritability estimates between 50% and 85% and with environmental factors specific to each twin individual explaining the remaining variance (van der Aa et al., 2010) . In adults, about 40% of the variance is explained by genetic factors and 60% is explained by unique environmental factors (Stubbe et al., 2006; Vink et al., 2011) .
An important limitation of these twin studies is that they have ignored the possibility of interaction between genes and the environment. The expression of genes and thus also the genetic variance, however, may depend on environmental circumstances (Purcell, 2002) . A more facilitating environment might increase genetic variance, whereas a more restrictive environment might suppress genetic effects. Parental education constitutes an environmental factor that can be relevant to exercise behavior as both knowledge of health behaviors and the economic position, which is positively correlated with parental education (Harden et al., 2007) , might facilitate the pursuit of a healthy lifestyle. Parental education has indeed found to be positively associated with physical activity in youth (Ferreira et al., 2006; Hanson & Chen, 2007; Singh et al., 2008) . Parental educationas a single measure or combined with occupational status and income -has also been shown to modify the heritability of a whole range of phenotypes in young individuals, including intelligence (Turkheimer et al., 2003) , problem behavior (Rosenberg et al., 2012) and body-mass index (Lajunen et al., 2012) . Its effect on exercise behavior has not been modeled in previous studies. If there is an effect of parental education on exercise behavior, it may work in two directions: Genetic variance might be lower in children of high educated parents as their parents might be more inclined to support their children in pursuing physical exercise, thereby leaving less choice to the children of whether to participate in this behavior. Or genetic variance might be higher in children of high educated parents as more resources, including more alternative hobbies and interests, might be provided, meaning that the children can freely express their genetic preferences. Although these mechanisms might not be mutually exclusive and could cancel each other out, differences in the magnitude of effects would make it possible to detect interactions.
A requirement to detect GxE interaction are very large datasets of twins. Although there are a few large twin registers in the world, not many of them have collected data on exercise behavior in children and adolescents as well as on parental education. The Netherlands Twin Register (NTR) and two Finnish twin cohorts are exceptions. The NTR was founded in 1987 at the Vrije Universiteit Amsterdam, the Netherlands, to study individual differences in health and behavior (Boomsma et al., 2002; van Beijsterveldt et al., 2013; Willemsen et al., 2013) . It has since grown to be one of the largest twin registers in the world with around 85 000 twins and their family members registered to take part in research. Exercise data in young twins have been collected for more than 10 years and now provide a rich resource for research. The University of Helsinki, Finland, hosts two twin cohorts that include data on twins between age 12 and 18 years (Kaprio et al., 2002; Kaprio, 2013) . In 1991, data collection of the FinnTwin16 cohort was initiated, when twins born in 1975 were 16 years old and it eventually targeted all Finnish twins born in [1975] [1976] [1977] [1978] [1979] , with follow-up measures later on. Data collection of the FinnTwin12 cohort started in 1994 when the twins born in 1983 were 11-12 years old and eventually targeted all Finnish twins born in 1983-1987 that were, again, followed over time. We are fortunate enough to be able to base our study on these impressive resources.
Replication of any findings in independent samples is essential and even though some differences in assessments attenuate comparability, the datasets that will be used still provide the best possible approximation of the ideal data that should be used for this study, even on a world-wide scale. The datasets will be analyzed separately to account for any differences between countries and cohorts.
We aim to investigate the role of parental education as a potential modifier of exercise behavior from the ages 7 to 18 years. Genetic models will be fitted conditional on parental education. It is hypothesized that higher parental education will be associated with higher means in offspring's exercise behavior and that there will be (genetic) variance differences between the two groups.
Materials and methods Participants
The data were derived from the NTR, the FinnTwin12 cohort and the FinnTwin16 cohort.
The Netherlands Twin Register
In the NTR, parents of twins fill out surveys when their children are born and at the ages of 2 ("survey 2"), 3 ("survey 3"), 5 ("survey 5"), 7 ("survey 7"), 9/10 ("survey 10") and 12 ("survey 12") years. From 13 years onwards, the twins are asked to self-report on their health and behavior every two to three years. If individuals decide not to participate in one survey, they will still be approached for subsequent surveys. Participants are mainly Caucasian and live in all regions of the Netherlands.
For this particular study, twins were selected with data on exercise behavior for the surveys around 7, 10, 12, 14, 16 and/ or 18 years of age (with a maximum age range of AE2 years) and data on education of at least one parent. Exclusion criteria were a serious illness or disability (e.g., hemiplegia or heart disease, N = 354 individuals) and unknown zygosity (N = 1 pair). If participants reported an injury that interferes with physical activity on surveys 14, 16 and/or 18 years of age, data were excluded for that specific survey (N = 403 individuals for survey 14, 439 for survey 16 and 65 for survey 18). The sample thus consisted of 24 874 twins born between 1986 and 2005 (49% males). Zygosity classification of same-sex twin pairs was based on blood group or DNA typing for 20% of the pairs and it was survey-based for 80%. Classification based on questions on physical similarities and mistaking one twin for another by relatives and strangers has previously shown 93-97% agreement with DNA polymorphisms in the NTR (Rietveld et al., 2000; Willemsen et al., 2005) . Participants consented to take part in research of the NTR and the data collection protocol was approved by the Medical Research Ethics Committee of the VU University Medical Center.
The Finnish twin cohort
The Finnish twin data were collected in two young cohorts (FinnTwin12 and FinnTwin16). At the baseline assessment of the FinnTwin12 cohort, a survey was mailed to all Finnish twins born between 1983 and 1987, when they were approximately 12 years old (N = 5184 twins, response rate: 94%), and to their parents (response rates >86%). The twins received follow-up surveys around the ages of 14 and 17 years.
At the baseline assessment of the FinnTwin16 cohort, surveys were sent out to all Finnish twins born between 1975 and 1979, when they were approximately 16 years old. The surveys were sent out to the twins (N = 4940 twins, response rate: 88%) and their parents (response rates >79%). The twins were approached with follow-up surveys around the ages of 17 and 18 years. All participating families provided written informed consent and the data collection protocol was approved by the ethics committee of the Department of Public Health, University of Helsinki, and the Institutional Review Board (IRB), Indiana University.
For FinnTwin12, individuals were selected with data on education of at least one parent and on exercise behavior around the ages 12, 14 and/or 17 years. After exclusion of twins with unknown zygosity (N = 134 pairs), the sample consisted of 4399 individuals (51% males). Zygosity classification for 72% of the same-sex twin pairs was based on survey items on physical similarity at school age, supplemented with additional information such as photographs if classification was unclear. Zygosity classification based on survey items has shown 97% correspondence with classification based on DNA polymorphisms in 395 same-sex twin pairs from the FinnTwin12 study (Jelenkovic et al., 2011) . For the remaining pairs, zygosity classification was based on DNA typing.
For FinnTwin16, data were selected of individuals with information on parental education and on exercise behavior around the ages 16, 17 and/or 18 years. Exercise measurements were changed to missing when a serious illness or disability was consistently reported over time (N = 33 individuals). Furthermore, 103 pairs were excluded due to missing information on zygosity. The sample thus consisted of 4648 individuals of which 48% were males. For 75% of the same-sex twin pairs, zygosity classification was based on validated survey items (Sarna et al., 1978) and for 25%, it was based on DNA typing.
Measures

Parental education
Within the NTR, both mothers and fathers were asked to indicate their level of education shortly after their twins were born and when the twins were 3, 7 and 10 years old. This information was used to classify both mothers and fathers into two levels (more recent surveys were preferred): (a) low education (66% of the mothers, 69% of the fathers) and (b) high education (34%, 31%). "High education" corresponds to a university degree or a university of applied sciences degree. In 313 families, one parent was low educated and the other had not provided any information on education. These families were excluded as they could not be clearly assigned to one of the two groups. Next, the parental data were combined into two groups of parental education: families where at least one parent was high educated (the other parent could be low educated, high educated or missing; 43%), and families where both parents were low educated (57%).
Within the FinnTwin cohorts, both mothers and fathers indicated their level of education at the baseline assessment when their twins were 12 (FinnTwin12) or 16 (FinnTwin16) years old. In these cohorts, "high education" corresponds to a high school degree that allows entry to further training at a university. Again, both mothers and fathers were grouped into two levels of education (mothers of the FinnTwin12 cohort: 62% low, 38% high; fathers of the FinnTwin12 cohort: 76% low, 24% high; mothers of the FinnTwin16 cohort: 73% low, 27% high; fathers of the FinnTwin16 cohort: 80% low, 20% high). Families where one parent was low educated and the other had not provided any information on education were excluded (N = 260 families for FinnTwin12 and N = 369 families for FinnTwin16). Next, parental data were combined into two groups: for 44% of the families in the FinnTwin12 cohort, at least one of the parents was high educated, whereas for 56%, both were low educated. For the FinnTwin16 cohort, these figures were 34% and 66% respectively. Table 1 depicts the number of twins and complete twin pairs for each survey of the NTR, the FinnTwin12 cohort and the FinnTwin16 cohort that were included in this study, split by the two levels of parental education and sex x zygosity group.
Exercise behavior
Within the NTR, exercise behavior was quantified as weekly metabolic equivalents of task (MET) hours spent on regular exercise behavior during leisure time. Exercise behavior was assessed through parental reports in the surveys around 7, 10 and 12 years of age and by self-reports in the surveys around 14, 16 and 18 years of age. Participants were asked to indicate what kind of activities their children (parental report) or they (self-report) participated in and -if any -(a) for how many years, (b) for how many months a year, (c) how many times a week and (d) how many minutes each time. Activities that were done for less than half a year or less than 3 months a year were excluded (e.g., skiing, sailing camps), as well as activities that merely increase energy expenditure (e.g., playing chess), mandatory physical education at school and activities that are related to transportation (e.g., walking, cycling). If exercise frequency or duration were missing while the other one was indicated, the missing value was replaced with the median of that specific activity within the respective survey [see Huppertz et al. (2012) ]. All reported activities were assigned a MET score based on Ridley et al.'s (2008) compendium of energy expenditures for youth. The respective values represent the energy that is expended during the activity relative to energy expenditure at rest (which would be 1 MET). Weekly MET hours were calculated by summing the product of frequency, duration and the MET score over all activities that an individual took part in. Good test-retest reliability of this measure has been established in previous studies (Stubbe et al., 2007; . For age 7, data were provided by both parents for 62% of the children, by mothers only for 35% of the children and by fathers only for 3% of the children. For age 10, these were 24%, 75% and 1%, respectively, and for age 12, these were 44%, 55% and 1%. As mothers' and fathers' ratings correlated high at all ages (0.73 for age 7, 0.88 for age 10, and 0.89 for age 12), their ratings were averaged when both parents had reported on the same child.
Within the FinnTwin cohorts, the twins self-reported on their exercise behavior across all ages. They were asked how often they engage in moderate-to-vigorous exercise or sport activities during their leisure time, with the following answer options: (a) not at all, (b) less than once a month, (c) one or two times a month, (d) about once a week (e) two or three times a week, (f) four or five times a week and (g) just about every day (or more). For the baseline assessment at age 12 in the FinnTwin12 cohort, the answer options were different, namely: (a) daily, (b) a few times a week, (c) a few times a month, (d) a few times in 6 months and (e) never. They were reversely scored for the analyses so that a higher score corresponds to a higher exercise level, with "1 = never", in order to better match the other assessments. The response categories were treated as continuous scores in all analyses.
Data analysis
The analyses were done for each dataset and age group separately (six age groups in the NTR, three age groups in FinnTwin12 and three age groups in FinnTwin16). Twin data allow the phenotypic variance to be decomposed into variance that is due to (a) additive genetic factors ("A"), (b) shared environmental factors ("C" for "common") and (c) unique environmental factors ("E"; which includes measurement error). Shared environmental factors are common to both individuals of a twin pair (e.g., growing up in the same family or attending the same school), whereas unique environmental factors are unique to each child (e.g., having different friends or nonshared illnesses).
To get a first indication of the relative contribution of A, C and E to exercise behavior within the two groups of parental education, twin correlations were estimated for each of the five sex x zygosity groups, for children of low vs high educated parents separately. Monozygotic (MZ) twins are genetically virtually identical at the sequence level, whereas dizygotic (DZ) twins share, on average, 50% of their segregating genes. As environmental influences are assumed to be the same for MZ and DZ twins, a higher MZ twin resemblance (rMZ >rDZ) indicates genetic influences. A DZ twin correlation that is larger than half of the MZ twin correlation indicates environmental influences shared by co-twins that make DZ twins more similar to each other than what would be expected based on their genetic similarity alone. An MZ twin correlation that is not unity (rMZ <1) points toward environmental influences that the two twins of a pair do not share and that therefore make them more different from each other. This includes measurement error.
Twin correlations may also indicate quantitative and/or qualitative sex differences. The former denotes that the same genetic and/or environmental factors operate to different degrees in males and females, which is reflected in different twin correlations for males and females. Qualitative sex differences, in contrast, are present if different genetic and/or shared environmental factors operate in males and females. This is reflected in correlations of DZ twins of opposite-sex (DOS) that cannot be predicted based on the dizygotic male (DZM) and the dizygotic female (DZF) correlations (Falconer & Mackay, 1996) . Qualitative genetic and shared environmental sex differences cannot be modeled at the same time. In our previous work, we found the shared environmental differences to be more relevant in this respect (Stubbe et al., 2005; Huppertz, 2012) .
The twin correlations were derived from saturated models with separate means and variances for the first-born and the second-born twin and for each sex x zygosity x parental education group. Next, just one mean and one variance were estimated across twin order and zygosity, for both sexes and parental education groups separately (e.g., one mean for sons of low educated parents, one mean for sons of high educated parents, one mean for daughters of low educated parents and one mean for daughters of high educated parents). One-byone, it was tested whether constraining the (a) means of males, (b) means of females, (c) variances of males or (d) variances of (254) 549 (274) 476 (236) 1122 (556) 17 364 (175) 489 (236) 536 (265) 456 (224) 1066 (513) 18 353 (169) 485 (234) 527 (260) 465 (227) 1053 (499) (b) Netherlands Twin Register 7 603 (301) 580 (289) 643 (320) 535 (266) 1091 (541) 10 644 (321) 644 (318) 645 (321) 502 (248) 1160 (575) 12 954 (474) 944 (466) 1128 (560) 813 (401) 1954 (962) 14 554 (239) 525 (229) 781 (348) 586 (261) 1193 (493) 16 386 (166) 361 (135) 553 (231) 358 (130) 783 (285) 18 140 (59) 141 (51) 271 (111) 187 (78) 320 (111) FinnTwin12 12
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females to be equal across parental education led to a significant deterioration of the model fit. This was done to identify any differences in means or variances between children of low vs high educated parents. A stringent alpha level of 0.01 was chosen to account for the large number of tests in this study. Next, a series of genetic models were fitted to the data. First, an ACE model was fitted allowing for quantitative and qualitative sex differences in the variance components and sex differences in the means. In order to control for gene-environment correlation, separate means were estimated for children of low and high educated parents (Purcell, 2002) . For children of low vs high educated parents separately, the phenotypic variance of exercise behavior was decomposed into additive genetic variance, shared environmental variance and unique environmental variance. The latent A-components were constrained to correlate 1 for MZ twins (100% shared genes) and 0.5 for DZ twins (50% shared genes). The latent C-components were constrained to correlate 1 for both types of (samesex) twins and the E-components were, by definition, not allowed to correlate.
Separate parameters were estimated for males and females to allow for quantitative sex differences and the correlations between the C-components were initially estimated freely for DOS twins to allow for qualitative sex differences at the outset, whereas correlations between the A-components were not allowed to vary, in accordance with our previous work (Stubbe et al., 2005; Huppertz, 2012) . Next, it was tested whether the correlations between the C-components of DOS twins could be constrained to 1 without a significant deterioration of the model fit (a = 0.01). Only if this did not change the model fit significantly, subsequent tests for differences in the variance components between children of low and high educated parents were performed on the ACE models without qualitative sex differences.
In order to identify differences in the variance decomposition between children of low vs high educated parents, various constraints were subsequently imposed on the unstandardized variance components. For males and females separately, it was tested whether equating the A-, C-and E-components for children of low and high educated parents, simultaneously and one-by-one, led to a significant deterioration of the model fit (Purcell, 2002) . For the simultaneous test, again a stringent alpha level of 0.01 was chosen to account for the large number of tests, and for the separate tests, a Bonferroni correction was applied (a = 0.01/3). For all analyses, the raw-data maximum likelihood procedure was used to estimate the parameters. Nested submodels were compared with hierarchic v 2 -tests. The À2 log-likelihood (LL) of the constrained model was subtracted from the À2LL of the less constrained model, and significance was tested based on the v 2 -distribution and given the difference in degrees of freedom between the respective models. All analyses were run with the software package OpenMx 2.0.1 in R 3.1.2 (Boker et al., 2011) . Table 2 contains the means and variances of exercise behavior for each survey, stratified by sex and parental education, as well as the mean ages with standard deviations. In the NTR, means and variances of exercise behavior tended to increase with age. Mean exercise behavior was lower for children of parents with a low education in 7-, 10-, 12-, 14-and 16-yearold females and for 12-year-old males. Means were also lower at other ages, but this did not reach statistical significance. The variance in exercise behavior tended to be larger in children of parents with a low education -the effect was significant for 5 of the 12 comparisons. For 18-year-old females, an effect in the opposite direction was found, with a significantly lower variance in the group of low educated parents. In the Finnish twin cohorts, means and variances were relatively stable across ages. The means do not represent "mean frequency", but rather the mean of the response categories that were assessed. It is important to note that the means at age 12 reflect a 5-point scale, whereas at the other ages, they reflect a 7-point scale, which explains the much lower means for age 12. Again, means were consistently lower for children of parents with a low education, whereas the variances were consistently larger for this group, with the exception of 18-yearold females in the FinnTwin16 cohort. However, as indicated by the p-values, the differences in means and variances were partly significant in the FinnTwin12 cohort, but not in the FinnTwin16 cohort. Table 3 depicts the twin correlations and their 99% confidence intervals (CIs). In the NTR, MZ correlations were consistently higher than DZ twin correlations, with the exception of 16-year-old daughters of high educated parents, and the samesex DZ twin correlations were larger than half of the MZ twin correlations in all but a few cases, implying that both genetic effects and shared environmental effects contribute to the variance in children's and adolescents' exercise behavior. DZ correlations tended to be higher for females than for males, implying a larger influence of shared environmental factors in females. Especially for the younger ages, the DOS correlations were lower than what would be expected based on the same-sex DZ correlations, suggesting qualitative sex differences. In the Finnish twin cohorts, the MZ twin correlations were -with the exception of 14-year-old daughters of high educated parents -consistently higher than the DZ correlations and the same-sex DZ correlations were higher than half of the MZ correlations, with three exceptions. The twin correlations of males and females were fairly similar, but the DOS correlations were consistently lower than the same-sex DZ correlations. Figure 1 , Table 4 and Figure 2 contain the results of the genetic model fitting. The full ACE models were compared to models that did not allow for qualitative sex differences. In the NTR, qualitative sex differences were present for the ages 7, 10 and 12 years in both groups of parental education, but not for the ages 14, 16 and 18 years. The figures thus depict the A, C and E estimates of the models with a freely estimated correlation between the C-components for DOS twins for the first three age groups and with a correlation that was constrained to 1 for the last three age groups. In the Finnish twin cohorts, the genetic models revealed that there were no sexspecific shared environmental effects and thus qualitative sex differences were not taken into account in the ACE models. Figure 1 depicts the unstandardized variance components (A, C, E), for children of low vs high educated parents separately. Table S1 contains the exact numbers with 99% CIs.
Results
In the NTR, the variance of the unstandardized Acomponents tended to be attenuated in children of high educated parents compared to children of low educated parents. The C-components tended to be smaller in daughters of low educated parents with a large and statistically significant effect in 16-yearolds. In the Finnish twin cohorts, no consistent differences in the unstandardized A-components according to parental education could be observed. The genetic variance tended to be lower in children of parents with a high education in FinnTwin12 but higher in FinnTwin16. The shared environmental variance in males of the FinnTwin12 cohort and in both males and females of the FinnTwin16 cohort tended to be lower in high educated parents with the exception of 18-year-old females in the FinnTwin16 cohort. The E-component was consistently lower in children of high educated parents, with the exception of 14-year-old females of the FinnTwin12 cohort. Table 4 depicts the model fitting indices of the models (a) simultaneously constraining the unstandardized A, C and E to be equal across groups of parental education, (b) only constraining the unstandardized A to be equal, (c) only constraining the unstandardized C to be equal and (d) only constraining the unstandardized E to be equal across the two groups. In the NTR, comparing the models that estimated A, C and E freely for the two groups and the models that equated the three components at the same time led to significant p-values in the ages 7, 14 and 16 for males and in all but the last age group for females. Subsequently constraining each variance component separately indicated significant differences after Bonferroni correction -namely in males, Table 2 . Means and variances of weekly MET hours (NTR) and items on frequency of exercise behavior (FinnTwin), split by sex and parental education, and P-values that result from equating means or variances to be equal for children of low and high educated parents. a lower E-component with high educated parents for 7-year-olds, and in females, lower A-components with high educated parents for the ages 10, 12, 14 and 16 years, a higher C-component for age 16 and higher E-components for the ages 10, 12 and 14. In the Finnish twin cohorts, few of the observed differences were significant. For the FinnTwin12 cohort, constraining A, C and E simultaneously led to a significant deterioration of the model fit for 12-year-old males and for 14-year-old females. For the FinnTwin16 cohort, significant differences were apparent for 16-year-old males and both males and females aged 17 years old. Post-hoc tests consistently revealed significant differences in the E-components, with a smaller unique environmental variances in children of higher educated parents. Figure 2 depicts the variance components relative to the total variance (e.g., for A: A/V) as percentages. The exact numbers with 99% CIs can be found in Table S2 . In the NTR, the relative contribution of genetic effects to the total variance tended to be lower in children of high educated parents compared to children of low educated parents, whereas the relative influence of shared and nonshared environmental effects was comparable between the two groups, in accordance with the findings for the unstandardized variance components. In the Finnish twin cohorts, patterns were again less consistent.
Discussion
This study aimed to investigate the role of parental education as a potential modifier of genetic and environmental effects on exercise behavior in children and adolescents based on data of the NTR and two Finnish twin cohorts. To this end, means, variances and genetic and environmental variance components were compared between children with two low educated parents and children with at least one high educated parent. Based on twin data, it was tested whether (a) means and variances were different for the two groups and (b) whether the contribution of genetic, shared environmental and unique environmental factors to the variance in exercise behavior differed. It was hypothesized that higher parental education would be associated with a higher mean in offspring's exercise behavior which was largely confirmed in both the Dutch and the Finnish data. Total variances tended to be lower in children of high educated parents. Evidence for gene-by-environment interaction was weak. Data in Dutch females partly supported the hypothesis of a reduction in genetic variance in children of high educated parents, but data of males did not. The Finnish data provided no support at all.
Based on a large number of previous studies, we expected that children of high educated parents would exercise more than children of low educated parents (Ferreira et al., 2006; Hanson & Chen, 2007;  Based on the fully saturated model; MZM = monozygotic male; DZM = dizygotic male; MZF = monozygotic female; DZF = dizygotic female; DOS = dizygotic of opposite-sex. Singh et al., 2008) . This trend was indeed seen both in the Dutch and the Finnish data, but significant differences were mainly seen in Dutch females which is in accordance with previous studies suggesting a stronger association between socioeconomic status (Hanson & Chen, 2007) , as well as parental education in particular (Drewnowski et al., 1994) , and exercise behavior in females than in males. Hanson and Chen argued that males might be physically more active whilst interacting with their peers, whereas for females, exercise levels might be more dependent on structured activities that in turn are more likely to involve parental influence. As an addition to our analyses, we calculated the percentage of non-exercisers for both parental education groups separately and found that this percentage was consistently -and for a large part significantly -lower in children of high educated parents (Table S3) . It is not known why children of high educated parents exercise more than children of low educated parents, but several possible mechanisms have been proposed. Most obviously, high educated parents might be more aware of the benefits of regular exercise behavior and might therefore be more inclined to promote this behavior in their children. In addition, these parents are likely to have better financial resources to promote healthy behavior. It has also been shown that high educated parents spent more time with their children and that they are better at effectively tailoring their own behavior to their children's specific needs. In addition to a more sensitive and responsive handling of their children, these parents are also thought to be more effective at managing their children's lives, including recreational activities, and at promoting talent and skill development (Kalil et al., 2012) . It is reasonable to assume that these more optimal parenting behaviors ultimately lead to healthier behavior in the children. This direct effect of parenting might mainly apply to younger children that are more dependent on their parents when it comes to exercise activities as opposed to older children (Huppertz, 2012) . Adolescents, in contrast, spend less time at home and the direct influence of parents might be outweighed by the influence of peers and the school environment (West, 1997) . In this age group, the influence of parents may take a more indirect path. High educated parents tend to have high educated children that in turn might pursue health behaviors to take care of themselves, although their priorities might lie elsewhere. It is important to shed further light on the possible mechanisms causing children of low educated parents to exercise less in order to develop effective interventions.
Interestingly, we also found a consistent trend for a lower variance in children of high educated parents, both in the Dutch and the Finnish data, although only a few differences were significant. Variance differences are hardly even mentioned in studies that assess differences in health behavior by education level. There is no reason to assume that parental education only affects mean levels of exercise behavior and not the variance, however. Voluntary exercise behavior has been hypothesized to be influenced by genetic effects on the general drive to be physically active, on exercise ability and on the balance of the appetitive and aversive effects in the psychological response during and shortly after exercise . We expected these genetic effects to be affected by parental education. There was a tendency for the unstandardized genetic components to be attenuated in daughters of high educated parents in the Dutch data. Combined with the fact that exercise behavior is higher in this group, these children or their parents may be more capable to suppress an unfavorable genetic predisposition that would prevent engagement in regular voluntary exercise behavior, such as a low innate drive, ability and/or enjoyment. Low educated parents may leave the choice to exercise much more to the children themselves, thereby increasing genetic variance. However, neither in the Dutch data of males nor in the two large Finnish twin cohorts, a clear pattern in the variance decomposition emerged. One possible explanation could be that for part of the sample, the genetic variance was actually larger in high educated parents, as outlined in the introduction, which might have attenuated the effect of a lower genetic variance in the remainder of the sample. Additional covariates such as parenting style and (financial) resources should be assessed and taken into account in the future in order to differentiate between possibly diverse groups in this regard. The most consistent finding in the Finnish data was that the unique environmental variance tended to be higher in children of low educated parents. Possible reasons for this could be earlier individuation of children in low educated families and/or more twin-specific peer influences in this group, or simply more measurement error.
When interpreting our results, one should bear in mind some fundamental differences between the Dutch and the Finnish data. First of all, the definition of what constitutes a "high education" was largely different in the two datasets. In the Dutch dataset, a high education corresponded to a university degree or a university of applied sciences degree. In the Finnish dataset, this was a high school degree which is a requirement, but no guarantee, for university education. Although the distribution of low vs high educated individuals turned out to be comparable (about 40% high and 60% low), a relatively high educational level in the "low education" group of the Dutch dataset and a relatively low education level in the "high education" group of the Finnish dataset may have occurred. Second, exercise behavior was quantified as weekly MET hours in the Dutch twins and as frequency of moderate-to-vigorous activity in the Finnish twins. The former takes duration and intensity of the activity into account, the latter does not. A person that exercises twice a week, for instance, might have a weekly MET hours score that, depending on the activity and the duration, could vary between 2 (2 9 15 min at an intensity of 4 MET) and 20 (2 9 60 min at an intensity of 10 MET) or more. The partly differential findings in the Dutch and Finnish datasets may thus reflect differences in assessments and should not be interpreted as genuine differences between the two countries based on cultural or even genetic effects.
Gene-by-environment (GxE) interaction has been investigated several times with physical activity as a potential modifier of, for instance, body size and/or body composition, with promising results. Both, effects of physical activity on the heritability of body size/composition (Mustelin et al., 2009 ) and effects of physical activity on expression of specific genes related to body size/composition have been reported (Vimaleswaran et al., 2009) . Taken the substantial genetic contribution to physical activity (den Hoed et al., 2013) and the genetic correlations between exercise, fitness and body composition (Mustelin et al., 2011) , these studies might qualify as tests of gene-by-gene interaction, which may apply to the present study as well. The exposure to certain environments (such as parental education) is partly under genetic control (Kendler & Eaves, 1986) , which adds complexity to the interpretation of the results. Moreover, there might be gene frequency differences present in the two parental education groups. If the genes in question then also affect children's exercise behavior, this gene-environment correlation (rGE) might lead to results that mimic GxE interaction in absence of any true interaction. One way to control for rGE is estimating separate means for low and high educated parents, which has been done in the present study (Purcell, 2002) .
Notwithstanding its limitations, this study constitutes a relevant addition to the literature as it is the first to investigate GxE interaction with exercise behavior as the outcome variable. Identifying GxE interaction is of importance for at least two reasons. From a public health perspective, identifying modifiers of genetic effects on exercise behavior can improve intervention strategies. From a scientific perspective, the identification of GxE interaction might improve gene-hunting studies as these could add an interaction term (Sung et al., 2014) . This would not only increase the probability to find significant associations, but it may also lead to the identification of loci or genes that are selectively expressed under certain circumstances.
Perspective
Our study found only weak evidence for GxE interaction effects of parental education on children's and adolescents' exercise behavior. Nonetheless, the fairly consistent trends in the expected directions for the means and the total variances of exercise behavior in both datasets do point to a role for parental education in offspring exercise behavior. The lower genetic variances in exercise behavior in Dutch daughters of high educated parents suggest that these trends could in part be due to a suppression of genetic effects in children of high educated parents that would act against exercise behavior. That significant effects were found in females only fits the stronger association between socioeconomic status, as well as parental education, and physical activity in females that has been reported in previous studies (Drewnowski et al., 1994; Hanson & Chen, 2007) . A better understanding of the parental behaviors that lead to the observed patterns is needed to develop appropriate interventions that increase exercise behavior in children of low educated parents. In addition, it is of importance that further GxE interaction studies with exercise behavior as the outcome variable are performed to shed more light on potential modifiers of this behavior and for comparability purposes. 
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